Abstract
Introduction

20
Antimicrobial peptides (APs) are small peptides (normally less than 10kDa) that counter To understand collective tolerance caused by the titration mechanism, it is necessary to 
62
Instead of focusing on live bacterial cells following current thoughts in the field, we find 63 that dead bacterial cells can serve as a major titration source of an AP. We discover that LL37,
64
which is a cathelicidin family AP from human, permeabilizes cytoplasmic membranes of a which allows a subpopulation of E. coli to grow and repopulate the culture. We also present 78 single-cell data and perturbation experiments that confirm the AP-absorption mechanism.
79 Furthermore, we demonstrate that the AP-absorption leads to emergent cross-bacterial-strain mechanism, we show that a peptide adjuvant can be supplemented to reduce the absorption of
82
APs. The AP-absorption mechanism may be generalizable to other bacterial species and APs,
83
and it may be considered in the new design of AP-treatment that enhances the efficacy of APs.
84
Results
85
Bacterial population recovers from initial killing by LL37 through a non-heritable 86 mechanism
87
To establish the experimental conditions for our study, we first investigate real-time hours before the emergence of resistant mutants (Tan et al., 2012) . Instead, for LL37, we find 99 that bacterial populations are inhibited (decline in luminescence intensity) by LL37 at 6.75g/ml 100 ( Fig. 1a , black dash line) in the first six to eight hours, after which they re-grow at the same rate 101 as the untreated bacteria (Fig. 1a , black line). We confirm this trend using CFU of the bacteria 102 (Fig. S1 ). The recovery dynamic does not occur with LL37 at 13.5g/ml within the experimental 103 duration (Fig. 1a, grey and monitor the co-localization of Rh-LL37 to the bacterial cells using a wide-field fluorescence 166 microscope (Fig. 1e) . Rh-LL37 that has been exposed to bacteria does not co-localize with the 167 fresh bacteria (no detectable rhodamine intensity), indicating that the Rh-LL37 either has lost its 168 activity or has a lower effective amount ( Fig. 1f and sections, we will use his-tagged LL37 (his-LL37) and Rh-LL37 to treat E. coli and assess
187
whether the free AP molecules are degraded or depleted in bacterial culture.
188
The non-heritable mechanism is not due to degradation of LL37
189
We study if LL37 loses antimicrobial activity through natural degradation, self-
190
aggregation, or adhesion to culture chambers (Fig. 2c, ①) . To test these possibilities, we pre- antimicrobial activity by tracking bacterial luminescence using a platereader. The pre-incubated
193
LL37 at both 6.75g/ml and 13.5g/ml give rise to the same ABC as fresh LL37 (Fig. 2d) with LL37 at 13.5g/ml to permeabilize bacterial membranes as previously described ( is not due to degradation or deactivation of LL37 (Fig. 2c ).
250
To further explore the cause of free LL37 depletion in bacterial culture, we track 
283
To better measure the sub-cellular localization of LL37, we treat E. coli BP-GFP with
284
Rh-LL37 for 30 minutes as described above (Fig. 4a ) and sort three subpopulations: high GFP,
285
Rh+ (① in Fig. 4a ), high GFP, Rh++ (② in Fig. 4a ) and low GFP, Rh++ (③ in Fig. 4a ). The 
296
According to the observations, we propose a phenomenological model to describe the 297 sequence of events during Rh-LL37 treatment (Fig. 4c) transition from "binding" to "absorbing" state, and kab for AP absorbing rate (Fig. 4c) . We in Fig. 5a ). To start, we first estimate the kinetic parameters of bacterial state transitions and AP 322 absorption for E. coli MG1655 strain that expressing GFP (MG-GFP) following the same 323 protocol as BP-GFP (See Methods Section M7 and M9 for details). We estimate that MG-GFP 324 demonstrates faster growth rate (larger kg), as well as faster recovery from "binding" to "living" 325 state (larger k1r) compared to BL21PRO (Fig. 5c) . Furthermore, MG-GFP also has faster 326 permeabilization rate and absorption rate for Rh-LL37 (larger k2f and kab. Fig. 5c ). The faster 
330
Based on the difference in the kinetics, we hypothesize that the recovery of BL21PRO 331 can be expedited in the presence of MG1655 that has a faster absorption rate (① in Fig. 5a ). We 332 first expand the mathematical model (Eqn. 1) to include MG1655 (Eqn. S1) with the estimated 333 kinetic parameters (Fig. 5c . Table S1 ). In the model, two strains compete for common space (See lux under LL37 treatment at 6.75µg/ml using a platereader. To better quantify recovery time of
339
BP-lux, we define a metric named thalf-max, where the population is recovered to half of its growth 340 capacity after initial inhibition by an AP (Fig. 5b) . We find that for all ratios of the two strains
341
(BP:MG=100:1, 50:1, 25:1), the recovery of BP-lux is expedited by ~2-3 hours ( Fig. 5d and 5e ). supplemented DNA (Fig. S10b) . The results suggest that DNA is one of the intracellular 354 components that can bind to and absorb LL37, consistent with literature data (Bucki et al., 2007) .
355
For an AP and a bacterial strain that exhibit AP-absorption, we speculate that a peptide (Fig. 5f ). We note that LBP alone does not inhibit bacterial growth at the tested 362 concentrations (Fig. S11a) . However, LBP displays a concentration-dependent effect. That is,
363
LBP delays bacterial recovery at high concentration (13.5µg/ml) but expedites it at low 364 concentration (3.4µg/ml) ( Fig. 5f and 5g) . Flow cytometry results show that LBP at 13.5µg/ml 365 delays the transition from "binding" to "absorbing" state (Fig. S11b) . The results suggest that cleavage of LL37 ( Fig. 1 and 2 ). We also show that short half-life and passive inactivation of to tackle the tolerance mechanism (Fig. 5) . we find that LBP at 13.5µg/ml delays the bacterial recovery, which highlights the critical role of 399 AP-absorption in governing the population dynamics.
400
The AP-absorption tolerance mechanism may be generalizable to other bacterial species The discovery of a novel collective tolerance mechanism based on AP-absorption by 
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Materials and Methods
447
Bacterial strains and chemicals (M1)
466
Unmodified LL37 was purchased from AnaSpec. Rhodamine-conjugated LL37 (Rh- supplemented to the wells at 6.75g/ml or 13.5g/ml working concentrations (Fig. 1a) . Time 
491
To test for bacterial mutation (Fig. 1b) , BP-lux was treated with LL37 at 6.75g/ml, and PI straining. Specifically, WT-BP was grown using pre-growth protocol 1. LL37 was added to 500 the culture at 13.5g/ml working concentration. After 2 hours of LL37 treatment, 1ml of culture 501 was collected and centrifuged at 10,000 g for 10 minutes. Cell pellets were re-suspended with
502
Annexin binding buffer provided in the kit. Annexin V and PI dyes were added as described in 10,000 events within FCS-SSC gate for bacterial cells were collected for each sample.
509
Testing of LL37 and carbenicillin in spent medium (M4)
510
For the platereader assays (Fig. 2b) , we treated BP-lux (pre-growth protocol 1) with carbenicillin and were subjected to the same procedure as stated above.
517
For the microscopy assay (Fig. 1e-g ), WT-BP (pre-growth protocol 1) was treated with 
Platereader and western blotting to study degradation of LL37 (M5)
527
To test the self-deactivation of LL37 (Fig. 2d) , we supplemented LL37 or carbenicillin in were tracked using the platereader.
20
To examine degradation of LL37 ( Fig. 2e and 2f) , we treated WT-BP (pre-growth his-LL37 and M9 medium at 1:1 volumetric ratio and subjected to western blotting.
553
To investigate depletion of free LL37 in medium ( Fig. 3a and 3b) , we mixed 10l of 554 purified his-LL37 to 10l of WT-BP (pre-growth protocol 1). Next, we supplemented LL37 at 555 either 6.75g/ml or 13.5g/ml to permeabilize bacteria. The mixtures were incubated at 37 o C 556 overnight in PCR tubes. Supernatants of the cultures were extracted using centrifugation (25,000 557 g, 1 hour). The negative control contained M9 medium and his-LL37. The collected supernatants 558 were subjected to western blotting as described above.
559
Tracking dynamics of Rh-LL37 through wide-field fluorescence microscopy (M6)
560
BA-GFP was pre-grown using protocol 1 supplemented with 0.2% arabinose to induce 561 expression of GFP. We aliquoted 30l of bacterial culture to a slide chamber and allowed the 
580
Bacteria cell-sorting and structured illumination microscopy (SIM) (M8)
581
BP-GFP treated with Rh-LL37 at 27µg/ml was prepared as described for the flow 582 cytometry experiment. Samples were collected after 30min of treatment and diluted in 4% PFA.
583
Cell sorting was performed using Beckman Coulter MoFlo Astrios Cell Sorter at UC Davis Flow 584 cytometry Core Facility. BP-GFP with no treatment was run through cell sorter first to gate-out 585 noise based on FSC and SSC and create thresholds for GFP negative and Rh negative. Next, the 586 threshold to separate Rh+ and Rh++ was set based on grouping of subpopulations (See Fig. 4a 587 for example). Bacterial cells from three representative regions (①, ②, and ③ in Fig. 4a ) were 588 sorted and stored on ice before imaging using SIM.
589
To prepare samples for SIM, 100µl of 2% agarose was melt and dropped on a glass slide.
590
A cover glass was placed on the top of agarose to flat the surface until it was dry. 10µl of the Elements). Reconstructed images were analyzed using ImageJ (Fig. 4b, left) and MATLAB ( Fig.   596 4b, right). To obtain the heat-map of Rh-LL37 localization (Fig. 4b, right) , each image was 597 imported to MATLAB and normalized with the highest intensity in the image.
598
Mathematical model and parameter estimation using flow cytometry data (M9) 599 We construed a deterministic model using a system of ordinary differential equations 600 (ODE) to explore the population dynamics of single bacterial strain under LL37 treatment (Eqn. for rhodamine intensity were set as described for samples collected at different time points.
629
Ratios of Rh-, Rh+, and Rh++ to entire population were recorded and used as experimental data 630 for parameter estimation. We used MATLAB function fmincon to obtain the first estimation Table S1 for simulation parameters). (Fig. 1f and 1g ) that investigate the loss of Rh-LL37
842
(red star) activity in the presence of bacteria. Specifically, Rh-LL37 is exposed to bacterial cells transitions between states are governed by three reaction rate constants (k1f, k1r, and k2f 
954
See Methods Section M9. See Table S1 for the value of the parameters. 13.5µg/ml (black dash line) but expedited in the presence of LBP at 3.4µg/ml (grey dash line) 967 compared to the one with only BP-lux (grey line). Shaded error bars are SEM from N=8. g).
968
Quantified recovery times from experiment (grey bars) and simulation (red line) (See SI
969
Methods Section SI-M13 for the model, and Table S1 for estimated parameters). Asterisk 970 indicates significant difference (p<0.01), and error bars are SEM from N=8. See Methods
971
Section M11.
